Background. Leptospira species cause leptospirosis, a zoonotic disease found worldwide. Current vaccines against leptospirosis provide protection only against closely related serovars.
Methods. We evaluated an attenuated transposon mutant of Leptospira interrogans serovar Manilae (M1352, defective in lipopolysaccharide biosynthesis) as a live vaccine against leptospirosis. Hamsters received a single dose of vaccine and were challenged with the homologous serovar (Manilae) and a serologically unrelated heterologous serovar (Pomona). Comparisons were made with killed vaccines. Potential cross-protective antigens against leptospirosis were investigated.
Results. Live M1352 vaccine induced superior protection in hamsters against homologous challenge. The live vaccine also stimulated cross-protection against heterologous challenge, with 100% survival (live M1352) versus 40% survival (killed vaccine). Hamsters receiving either vaccine responded to the dominant membrane proteins LipL32 and LipL41. Hamsters receiving the live vaccine additionally recognized LA3961/OmpL36 (unknown function), Loa22 (OmpA family protein, recognized virulence factor), LA2372 (general secretory protein G), and LA1939 (hypothetical protein). Manilae LigA was recognized by M1352 vaccinates, whereas LipL36 was detected in Pomona.
Conclusion. This study demonstrated that a live, attenuated vaccine can stimulate cross-protective immunity to L. interrogans and has identified antigens that potentially confer cross-protection against leptospirosis.
The spirochete Leptospira is a widespread zoonotic pathogen transmitted via the urine of carrier animals such as dogs, cattle, and rodents. Human disease varies greatly in severity from a mild flu-like illness to one with multiple organ failure, pulmonary hemorrhage, and death [1] . Infection rates remain significant, with more than 500,000 cases of severe leptospirosis reported each year, for which the mortality rate is .10% [2] .
There are .250 serovars of Leptospira species, with multiple serovars being endemic in a given area. Protective immunity against Leptospira infection is mediated predominantly by antibodies directed against lipopolysaccharide (LPS) and is usually serovar specific. Most attempts to develop vaccines have used bacterin vaccines (killed whole cells). However, bacterins are usually reactogenic and confer short-term immunity. Protection may also be incomplete; for example, vaccination of dogs or cattle may prevent illness but not leptospiruria and transmission [3, 4] . More importantly, bacterin vaccines induce immunity that is restricted to closely related serovars. To overcome this problem, current vaccine research is aimed at identifying conserved protective antigens that may protect against a broad range of leptospiral serovars. Subunit vaccines have achieved some success against homologous challenge by use of antigens such as OmpL1 and LipL41 [5] and LigA [6] , but conflicting results have been found with other antigens such as LipL32 (reviewed by Adler and de la Pena Moctezuma [1] ).
The rational development of new leptospiral vaccines is hindered by the limited knowledge of pathogenesis and mechanisms of protective immunity against leptospirosis. Complete genome sequences of pathogenic and saprophytic Leptospira species [7] [8] [9] [10] and advances in understanding of leptospiral pathogenesis through mutagenesis [11] [12] [13] [14] [15] [16] may assist in identification of candidate vaccine antigens. We recently reported the identification of 2 Himar1 mariner transposon mutants (M895 and M1352) with altered LPS that did not cause disease in the hamster model of infection [13, 17] . In this study we evaluate the protective capacity of M1352 as a candidate vaccine for leptospirosis. The mutant was found to elicit protection against both homologous and heterologous challenge better than the equivalent killed whole-cell vaccine. Potential protective protein antigens were identified through analysis of serum samples from vaccinated hamsters.
METHODS

Bacterial Strains and Growth Conditions
Leptospira interrogans serovar Manilae strain L495 was obtained from N. Koizumi, National Institute of Infectious Diseases, Tokyo, Japan. The mutants M895 and M1352 were constructed from the parent strain L495 as described elsewhere using TnSC189-derived transposons carrying the respective antibiotic resistance marker [11, 13] . L. interrogans serovar Pomona (L523) was provided by Lee Smythe, World Health Organization/Food and Agricultural Organization/Office International des Epizooties Collaborating Centre for Reference and Research on Leptospirosis, Queensland Health Scientific Services, Australia. Leptospira borgpetersenii serovar Hardjobovis L664 was an Australian cattle isolate. All strains were cultured at 30°C in Ellinghausen-McCullough-Johnson-Harris (EMJH) medium (Becton Dickinson).
Preparation of Vaccines
Log phase bacteria were diluted in fresh EMJH medium to the desired concentration. The heat-killed vaccine was prepared by incubation at 100°C for 10 min. The formalin-killed vaccine was prepared by harvesting the bacteria by centrifugation (10,000 g for 5 min), washing in phosphate-buffered saline, resuspending in 10% neutral buffered formalin for 60 min, washing in phosphate-buffered saline, and then resuspending in fresh EMJH medium. The sterility of killed vaccines was confirmed by absence of bacterial growth on blood agar plates and EMJH medium at 37°C and 30°C, respectively.
Evaluation of Vaccines in the Hamster Model of Infection
Four-week-old Syrian golden hamsters (groups of 10) were immunized with a single dose of vaccine preparation in 100 lL of EMJH medium by intraperitoneal injection 14 d prior to intraperitoneal challenge with 100 lL of EMJH medium containing the desired challenge dose of Leptospira. Hamsters were monitored for 21 d after infection and euthanized if they were moribund, according to animal ethics requirements. At necropsy, lungs were inspected for gross pathology to identify macroscopic hemorrhages (each animal was scored as positive or negative for hemorrhage) and kidneys were taken for culture as described elsewhere [14] . Animal experiments were approved by the Khon Kaen University Animal Ethics Committee.
Blood Collection, RNA Isolation, cDNA Synthesis, and Cytokine Real-time Polymerase Chain Reaction (PCR)
Blood samples were collected on the day before vaccination, 18 h and 4 d after vaccination, and then 18 h and 4 d after challenge [18] . RNA was extracted within 1 h of collection for quantitative reverse-transcription PCR (RT-PCR). The gene expression levels for the cytokines interferon c, interleukin 12p40, interleukin 4, and interleukin 10 were determined as described elsewhere [18, 19] .
Two-dimensional Gel Electrophoresis
Leptospires were incubated overnight at physiological osmolarity (.15 mol/L sodium chloride) [20] . Total cell membranes were prepared by sonication and centrifugation at 100,000 g at 4°C for 20 min. Preparations were solubilized in rehydration buffer ( Equilibrated strips were placed on 4% stacking per 10% resolving gels, and SDS polyacrylamide gel electrophoresis (SDS-PAGE) was conducted at 200 V in an XCell 6 electrophoresis tank (Invitrogen). Gels were fixed with 50% ethanol and 3% phosphoric acid and stained with colloidal Coomassie blue [21] . Immunoblotting and matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry were performed as described Live elsewhere [22, 23] . Immunoblots were probed with hamster serum samples pooled from groups of 5 animals, diluted 1:300, and detected with horseradish peroxidase-conjuated goat antihamster serum (Abcam).
Analysis of LPS
Analysis of LPS by SDS-PAGE and immunoblotting was conducted as described elswhere [17, 22] . Immunoblots were probed with individual hamster serum samples diluted 1:300.
Statistical Analysis
The Fisher exact test was used to determine differences, which were considered significant at P < .05.
RESULTS
Live M1352 Vaccine Protects Against Homologous Challenge
Previously we reported 2 L. interrogans serovar Manilae transposon mutants with altered expression of LPS that were highly attenuated in the hamster model of infection [13, 17] . Because of the in vitro and in vivo stability of the TnSC189 transposon in L. interrogans [11, 13] and the clear attenuation of M1352, this strain was considered a potential candidate live vaccine. To assess protection against homologous challenge with serovar Manilae, hamsters were injected with a single dose of 10 leptospires. Both vaccines protected hamsters against death at all doses (Figure 2 ). At higher doses, M1352 provided superior protection to that of the bacterin against lung hemorrhage (P , .05) ( Figure 2C ).
Live M1352 Vaccine Protects Against Heterologous Challenge
Immunity to leptospires is predominantly humoral. Because the dominant immunogen is LPS, immunity is largely serotype specific, and previous attempts to construct cross-protective vaccines have had limited success. To investigate whether (serogroup Sejroe). The L. borgpetersenii strain was not hamster lethal and did not cause lung hemorrhage, so kidney colonization was used as a measure of infection. The experiment was performed up to 3 times using groups of 10 animals (some controls were only tested once). Pooled data are presented in Figure 3 . M1352 elicited significantly better homologous protection than did the bacterin against kidney colonization (P , .01) ( Figure 3D ) and lung hemorrhage (P , .05) ( Figure 3G ).
In hamsters challenged with serovar Pomona, the M1352 vaccine conferred better survival than the heat-killed WT vaccine (P , .01) ( Figure 3B 
The enhanced protection observed with the M1352 vaccine over the heat-killed WT could be a result of the administration of live bacteria, or it may be due to inherent changes introduced by the mutation of lman_1408, for example, by exposing conserved LPS epitopes. Therefore, to determine whether M1352 had to be administered alive to confer significantly better protection than killed leptospires, the above experiments included M1352 as formalin or heat-killed bacterin vaccines (Figure 3) . The live vaccine conferred significantly better protection than the equivalent killed vaccines against both homologous (P , .05 for hamster survival and P , .01 for kidney culture) and heterologous challenge (P , .01 for hamster survival) (Figure 3 ). The protection conferred by the M1352 bacterin vaccine did not significantly differ from that of the bacterin WT vaccine (P . .05).
Hamster Immune Response to Vaccination
Vaccination with live or killed vaccines may affect the balance of T-helper 1 (Th1) and T-helper 2 (Th2) immune responses. Accordingly, the induction of Th1 (interferon c and interleukin 12p40) and Th2 (interleukin 4 and interleukin 10) cytokines was evaluated by quantitative RT-PCR in the blood of hamsters immunized with either 10 7 killed WT leptospires or 10 7 live M1352 leptospires or sham vaccinated with EMJH medium. Before immunization, all animals showed baseline levels of messenger RNA expression of all cytokines. After vaccination and after challenge, all hamsters responded with increased levels of each cytokine, but there was no difference between the responses of hamsters receiving the live vaccine and those of hamsters receiving the killed vaccine (data not shown). The trend in cytokine level changes after challenge was comparable to those found elsewhere [18] . Immunity to leptospirosis is predominantly humoral [26] , and recognition of different antigens may be responsible for the variation in protection against challenge. Therefore, agglutinating antibody was assessed by microscopic agglutination test as a potential indicator of immunity [27] [28] [29] . Each vaccinate group produced agglutinating antibody against serovar Manilae, but no reactivity was found against Pomona or Hardjobovis ( Table 1) . The lack of agglutinating antibodies against the heterologous serovar Pomona suggested that protection against serovar Pomona was unlikely to involve LPS antigen. Immunoblotting of proteinase K-digested whole-cell lysates of serovars Manilae and Pomona showed a strong response to L. interrogans serovar Manilae LPS but minimal response to Pomona LPS ( Figure 4) ; we therefore conclude that the response was against non-surfaceexposed, non-agglutinating LPS epitopes.
We therefore used immunoblotting to identify the protein antigens recognized in both the heterologous and homologous serovars by hamsters immunized with killed and live vaccines. Two-dimensional gel electrophoresis was conducted on total membrane preparations of serovars Manilae and Pomona, and either gels were stained or proteins were transferred to a membrane and probed with antiserum pooled from 5 hamsters from each vaccinate group. Relatively few of the proteins present in the membrane preparation were recognized in the corresponding immunoblot ( Figure 5 ; Table 2 ).
Only LipL32 and LipL41 were recognized by hamsters receiving either vaccine. LipL36 (spot P2) was recognized in Pomona by hamsters receiving either vaccine. This protein 4 serovar Pomona (serogroup Pomona) leptospires (B, E, and H), or 10 6 Leptospira borgpetersenii serovar Hardjobovis (serogroup Sejroe) leptospires (C, F, and I) and monitored for 21 d. The experiment was conducted up to 3 times and data were pooled (the total number of hamsters tested in each condition is indicated on the x-axis in parentheses). * P , .05; ** P , .01 (Fisher exact test).
may also have been recognized in serovar Manilae (at spot M2), but the presence of FlaB1 in the preparation may have masked the signal in mass spectrometric analysis. Some antigens were recognized in both Pomona and Manilae only by hamsters receiving the live vaccine and thus constitute potential cross-protective antigens. This group included LA3961 (hypothetical protein), Loa22 (OmpA family protein), and LA2372 (general secretory protein G [GspG]).
Interestingly, LigA was identified in Manilae but not Pomona and the size differed considerably from the expected .100 kDa, possibly as a result of proteolytic processing or degradation. The antigen LA1939 was recognized in serovar Pomona (spot P10) but not Manilae, despite being identified in the Coomassie-stained gel by mass spectrometry (spot M10).
DISCUSSION
Currently, the only vaccines available against leptospirosis consist of killed whole-cell bacterins. These vaccines have a narrow range of specificity, provide only short-term immunity, and are reactogenic, making them generally unsuitable for widespread use in humans [1] . To date, recombinant protein vaccines against leptospirosis have shown limited success (reviewed by Adler and de la Pena Moctezuma [1] ). Undefined, live, attenuated leptospiral vaccines have been generated through passage in eggs, exposure to gamma radiation, and long-term subculture in the laboratory. Such vaccines show promise for prevention of leptospirosis but suffer the major drawback that the genetic basis of the attenuation is not defined. In the present study, we describe the first (to our knowledge) live, attenuated vaccine for leptospirosis that has a defined mutation and elicits cross-protective immunity.
Previously we identified 2 transposon mutants with LPS-associated mutations that were highly attenuated in the hamster model of infection. When administered live, the LPS mutant M1352 elicited dose-dependent better protection against homologous challenge than did killed vaccines (either heat or formalin killed). The M1352 vaccine protected even against very high challenge with no kidney colonization, 100% animal survival, and reduced evidence of lung hemorrhage. Under the same conditions, the bacterin vaccine failed to fully protect hamsters or prevent kidney colonization. It is significant that the protection could be achieved with only a single vaccine dose.
The M1352 vaccine conferred significant cross-protective immunity in hamsters against infection with serovar Pomona. All of the M1352-vaccinated hamsters survived challenge, whereas only 40% of those receiving the heat-killed Manilae vaccine survived. However, the vaccine did not confer sterilizing immunity. Significantly, protection against Pomona occurred in the absence of agglutinating antibodies, consistent with the lack of LPS involvement in cross-protection. Neither the live nor the bacterin vaccine stimulated protection against colonization with L. borgpetersenii serovar Hardjobovis, which suggests that there may be significant antigenic differences between the 2 Leptospira species or perhaps differences in pathogenic mechanisms. Alternatively, immunity against acute infection may differ from immunity that prevents establishment of the renal carrier state by either serovar Pomona or Hardjobovis.
Previous studies have used undefined attenuated live leptospiral vaccines. Two doses of live, attenuated serovar Icterohaemorrhagiae vaccine protected guinea pigs from death and renal infection after homologous challenge, whereas formalinkilled control vaccines did not protect against clinical disease [30] . Cattle immunized twice with live, attenuated serovar Pomona were protected against homologous infection and had a reduced rate of abortion [31] , whereas a live serovar Pomona vaccine protected swine against leptospiruria and renal lesions [32] . Stalheim et al [33] reported that live, attenuated serovar Pomona protected hamsters and swine from death but did not confer sterilizing immunity. Only partial cross-protection by live, attenuated leptospiral vaccines has been reported Figure 4 . Western blot analysis of the immune response to leptospiral lipopolysaccharide. Proteinase K-digested whole-cell lysates of Leptospira interrogans serovar Manilae (M) or Pomona (P) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred to a membrane, and probed with serum samples from individual vaccinated hamsters. elsewhere [34] . However, in all of these studies, the nature of the mutation or mutations was unknown and the basis for attenuation was therefore not defined.
Surprisingly, the serum of vaccinated hamsters recognized relatively few leptospiral membrane antigens (11 total). It should be noted that antigens expressed exclusively in vivo would not be detected. Both vaccine groups responded strongly to dominant antigens of the outer membrane, LipL32, LipL41, and LipL36 (although LipL36 was potentially masked by FlaB1 in the mass spectrometry analysis). LipL32, the most abundant surface-exposed protein, is expressed in vivo [35, 36] and plays a role in adhesion to extracellular matrix components [22, 37] , but it is not required for virulence in acute or renal colonization infection models [15] . LipL32 has been used in various vaccine formulations in numerous studies, but results regarding protection are conflicting, falling on the side of limited or no protection (reviewed by Adler and de la Pena Moctezuma [1] ). Response to LipL32 was not exclusive to the live vaccine group, which suggests that it is not a key or essential antigen in the immune response. However, it may contribute to immunity in combination with other antigens.
LipL41 is among the 3 most abundant proteins on the cell surface, is expressed in vivo [36] , and is recognized by patient serum samples [38] , although the function of LipL41 is unknown. LipL41 showed promise as a subunit vaccine component, conferring protection when administered in combination with OmpL1 in Escherichia coli cell membranes [5] and supporting the notion that LipL41 is a protective antigen. However, these results have not been reproduced.
The outer membrane protein LipL36 has an unknown function and does not appear to be recognized by human convalescent serum samples [38] . Indeed, the expression of LipL36 is downregulated during colonization of hamster kidneys [39] .
A number of potential outer membrane proteins were recognized by hamsters receiving the live vaccine but not by those receiving the heat-killed vaccine. These proteins included the hypothetical protein LA1939 and outer membrane proteins LA3961, Loa22, and LigA. Interestingly, the second most abundant outer membrane protein, LipL21, which is expressed in vivo and is detected by serum from chronically infected rats [36] , was not detected by serum from vaccinated hamsters. Loa22 is a surface-exposed, outer membrane protein containing an OmpA domain [40] . It is expressed during acute and chronic infection [36] and is recognized by serum from human patients [41] . Loa22 is also essential for virulence in the hamster model of infection [16] -a role compatible with a protective role in immunity; antibodies directed against Loa22 may bind to the protein, thereby neutralizing its role in pathogenesis. However, the precise function of Loa22 remains undefined.
LA1939 and LA3961 may have been overlooked in previous subunit vaccine studies in favor of better characterized proteins. LA1939 (annotated as LIC11966 in serovar Copenhageni, with a different start codon) encodes a putative lipoprotein of 160 amino acids that is restricted to the species L. interrogans. The most similar protein outside the Leptospira species occurs in the environmental gram-negative bacillus and opportunistic pathogen Sphingobacterium spiritivorum (157 amino acids, 35% identity, and 59% similarity). LA3961 (LIC13166/OmpL36 [42] ) encodes a 307-amino acid protein found in both pathogenic and saprophytic leptospires (76% identity to that in Leptospira biflexa LBF_0259), but there are no proteins of significant similarity outside the Leptospira species. OmpL36 is recognized by serum samples from infected hamsters and humans [43] . While the presence of an orthologue of LA3961 in L. biflexa suggests that it is unlikely to be a virulence factor, its presence in the outer membrane [42] may make it a target for opsonising antibodies.
LigA, 1 of 3 leptospiral immunoglobulin-like proteins, is recognized during infection in humans [44] and may play a role in adhesion of leptospires to host tissues. LigA shows promise as a protective antigen [6] , supporting a role for LigA in immunity to leptospirosis.
The set of proteins identified in our study adds to the list of antigens known to be expressed in vivo and contributes to our understanding of the immune response to acute L. interrogans infection. Previously, Guerreiro et al [38] examined the humoral immune response in serum samples from patients with leptospirosis and found strong reactivity to 7 antigens (including LipL32, LipL41, and GroEL, which were also identified in this study). Gamberini et al [41] screened serum samples from human patients with leptospirosis for reactivity to 150 recombinant proteins from L. interrogans serovar Copenhageni. Again, relatively few antigens (n 5 16) were recognized by serum samples, and a response to Loa22 and LipL32 was identified. LipL41, LipL36, and LA3961/LIC13166 were included in the study, but it is not clear if these were among the 73% of proteins that were successfully expressed and tested. Comparisons with the present study are difficult because of differences in methods and host species.
This study has shown that vaccination with a defined, live, attenuated strain of L. interrogans serovar Manilae can confer a high level of protection against homologous and heterologous challenge. Analysis of the immune response highlighted potentially protective antigens, including several promising vaccine candidates and one known virulence factor. Further investigation may give insights into the basis for the protective immune responses to L. interrogans and lead to the identification of cross-protective protein antigens. 
